Background/Aims: Aortic stenosis caused by leaflet calcification in the bicuspid aortic valve (BAV) is more accelerative than that in the tricuspid aortic valve (TAV). is downregulated more in stenotic than in insufficient BAVs, but its expression in BAVs compared with TAVs is unclear. We aimed to investigate the roles of miR-195 and its calcification-related target SMAD7 in stenotic BAVs compared with those in TAVs. Methods: Twenty-one stenotic BAV and 29 TAV samples were collected from surgical patients and examined for the expression of miR-195 and SMAD7 by RT-PCR. The samples were also assessed by western blotting and immunohistochemistry for the functional protein alteration associated with calcification. Dual-luciferase assay was performed to determine the putative target of miR-195 before the effects of miR-195 expression on osteogenic progression was demonstrated in cultured porcine valve interstitial cells (VICs). Results: Compared with TAV, the expression of miR-195 was remarkably lower in the BAV leaflet with higher expression of SMAD7, which was then validated as a direct target of miR-195. Their negative correlation was then confirmed in cultured VICs. Under an osteogenic environment, the cellular calcification was promoted in miR-195-repressed VICs expressing higher BMP-2 and Runx2 and higher activity of MMP-2 compared with the controls. Finally, higher MMP-2 and MMP-9 expression and more collagen distribution were observed in BAV than TAV samples. Conclusions: miR-195 is downregulated more in stenotic BAV than TAV in this study. The downregulation of miR-195 is associated with valvular calcification via targeting SMAD7, which promotes the remodeling of the extracellular matrix.
Introduction
Bicuspid aortic valve (BAV) disease is one of the most common congenital anomalies of the human heart, present in 1-2% of the population [1] . Aortic stenosis (AS) is the most typical form of symptomatic BAV disease and has a significant clinical impact on BAV patients [2] . In adults, the development of AS in BAV is often due to leaflet calcification, which occurs in a similar fashion to that seen in patients with tricuspid aortic valve (TAV) calcification but in a more accelerated progression [3] . Therefore, it is essential to explore the unique mechanisms of leaflet calcification in BAV patients to better understand this important disease.
It is well known that the key component of valvular calcification development involves the reprogramming and transdifferentiation of valve interstitial cells (VICs) to osteoblastlike cells by expressing osteogenic signals, notably the bone morphogenetic proteins (BMPs) of the transforming growth factor-β (TGF-β) family [4] [5] [6] . Of the BMP family, BMP-2, with its downstream element, the transcription factor runt-related transcription factor 2 (RunX2), is a potent stimulant of valvular calcification in vivo and in vitro [7] . However, the mechanisms by which VICs form calcified aggregates and, more importantly, the factors that regulate these processes are still not well defined.
Recent advances have identified microRNAs (miRs) as key regulators that manipulate several key checkpoints in the cellular processes involved in vascular calcification [8, 9] . Furthermore, accumulating evidence has proven that miRs also mediate the progress of osteoblastic differentiation in VICs [10] [11] [12] . Recently, published microRNA profiling data of human BAV tissues have identified several altered miRs, including miR-26a, miR-30b, and miR-195, which may participate in the progress of valvular calcification [13] . While valvular calcification in BAV has been traditionally linked to genetic predisposition in relevant cells, hemodynamic abnormalities are increasingly indicated as potential pathogenic contributors. Casey and colleagues recently showed that disturbed flow present on the fibrosa side of the aortic valve stimulates endothelial cells to regulate shear-responsive miRNAs, such as miR-486, miR-139, and miR-192, to induce aortic valve disease progression [14] . Therefore, it is understandable that BAV patients might have earlier diseased valves given their congenital deformation and poorer hemodynamic condition since birth. However, the exact roles and mechanisms of these miRs in valvular calcification in BAV have not been well studied yet.
There are many reasons to perform aortic valve replacement in clinical practice. The leading cause is symptomatic valve stenosis mainly due to degenerative valves in Western countries and rheumatic valves in developing countries such as China. In both cases, the presence of calcification in the aortic valve is responsible for valve stenosis. BAV patients with symptoms of valve stenosis, on the other hand, represent a special population that needs the same surgical treatment. Therefore, in the present study, we aimed to investigate the roles of miRs in the regulation of valvular calcification in calcified BAVs compared with those in stenotic TAVs by screening several miRs in human calcified BAV leaflets and in TAV samples from patients with either rheumatic or degenerative valve diseases. We then investigated the potential signaling pathway associated with the downregulated miR-195 in BAVs and their calcification-related target gene SMAD7.
Materials and Methods

Study Population and Aortic Valve Collection
The aortic valve leaflets used in the experiments were collected from patients who underwent aortic valve replacement at our institution. The institutional ethics committee of the First Affiliated Hospital of Nanjing Medical University approved the study, and all the patients provided written informed consent. Preoperatively, the functional state of the aortic valve was determined by echocardiography. The leaflets were inspected at the time of surgery for morphology. All BAV samples (n=21) examined for this study had type 1 bicuspid aortic valve leaflets, with fusion of the right and left coronary leaflets. The TAVs were separated into two groups: rheumatic aortic valve group (RTV, n=15) and degenerative aortic valve group (DTV, n=14), according to the echocardiographic results and intrasurgical inspections. Tissue samples from each patient were sectioned into two equal parts. One part was flash frozen in liquid nitrogen and then stored for RNA or protein extraction; the other part was fixed in 10% formalin and embedded in paraffin.
Real-Time Polymerase Chain Reaction for the Detection of miRs and SMAD7 Expression
Human valve leaflet samples and the porcine VICs transfected using the methods described in the following paragraph were used to extract miRs and mRNAs using the miRNeasy Mini Kit (Qiagen, Germantown, MD, USA), and these RNAs were reverse transcribed with the TaKaRa PrimeScript TM RT Master (Cat. # RR037A) according to the manufacturer's instructions.
Real-time polymerase chain reaction (RT-PCR) was performed using the ABI Real-Time Polymerase Chain Reaction System (7900HT Fast Real-Time PCR systems) and TaKaRa SYBR Premix Ex Taq TM II (Cat. # 820A) combined with either miR primers (Bulge-Loop TM miRNA qRT-PCR Primer Set, Rib Biological Technology Corporation, Guangzhou, China) or SMAD7 primers (Table 1) . Sequences of primers for RT-PCR are listed in Table 2 .
Histologic Examination and Immunohistochemistry
Formalin-fixed and paraffin-embedded tissues were used for Von Kossa and Sirius Red staining using semi-quantificational analysis. Von Kossa staining was carried out to reveal calcium deposition using a kit following manufacturer's instructions (24633, Polysciences). Sirius Red staining was used to examine collagen utilizing the Picro-Sirius Red Stain Kit (ab150681, Abcam). The tissues were also used for immunohistochemical staining for SMAD7, MMP-2 and MMP-9. Briefly, the sections were washed in Tris-buffered saline/0.1% Tween-20 and were blocked in 5% milk. The sections were incubated in primary antibodies (1:5, 000) overnight, washed, and then incubated in biotinylated secondary antibodies (1:10, 000) for 30 minutes. The sections were treated with Vectastain® ABC reagent (Vector, Burlingame, CA, USA), followed by DAB treatment and counterstaining with hematoxylin. Software Image-Pro plus was used for signal quantitation. All the antibodies were from Abcam, MA, USA. 
Dual-luciferase Reporter Assay
The pmirGLO dual-luciferase miRNA target expression vector (pmirGLO) containing both the firefly luciferase gene and Renilla luciferase gene was purchased from Promega (Madison, WI, USA). The 3'UTR segments of human SMAD7 mRNA (56-62 nt, GenBank accession no. NG_023330) containing the putative miR-195 binding sequences were amplified by RT-PCR and were inserted into the 3'-UTR downstream of the pmirGLO vector using the XbaI and SacI restriction sites and was named pmirGLO-UTR-WT. A site-directed gene mutagenesis kit (QuikChange XL, Agilent Technologies) was used to construct the mutant type of vector according to the manufacturer's protocol. The mutant construct was named pmirGLO-UTR-MUT, which carries a point mutation-i.e., a cytosine was replaced by a guanine in the 3'-UTR segments of human SMAD7 mRNA being complementary to the seed sequence of miR-195, as shown in Fig. 3b . Both constructs were confirmed by restriction enzyme digestion and sequencing (Invitrogen). Transient transfections were performed using Lipofectamine TM (Invitrogen) as recommended by the manufacturer. Luciferase activities were measured at 48 hours after transfection using the Dual-Glo luciferase assay system (Promega), and firefly luciferase activities were normalized to Renilla luciferase activities. Experiments were performed in triplicate and were independently repeated three times. Sequences of primers for this assay are listed in Table 3 .
Cell Culture and Transient Transfection
HEK293T cells were purchased from the Chinese Science Institute (Shanghai, China). The cells were seeded in 12-well plates in Dulbecco Modified Eagle Medium (Invitrogen) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, L-glutamine, and penicillin (100 U/ml) with streptomycin (100 µg/ml) at 37˚C under an atmosphere with 5% carbon dioxide. Cells in the logarithmic growth phase (~80% confluence) were used for the dual-luciferase reporter assay.
Aortic VICs were harvested from 8 porcine (4-6 months old) hearts. Briefly, aortic valves were excised taking care not to introduce any non-leaflet tissue. The leaflets were gently scraped on the aortic and ventricular aspects to remove the endothelial layer, and the tissues were then sectioned into pieces approximately 2×2 mm and then were explant cultured in growth medium (DMEM basic with penicillin G, streptomycin, amphotericin B, and 10% fetal bovine serum) in an incubator supplied with 5% carbon dioxide for 10 days. The cells growing from the explants were subcultured, and the cells from passages 3 to 4 were used for additional studies.
Monolayers of VICs (7.5×10 4 cells/cm 2 ) were transfected with 50 μM of the miR-195 mimic or miR-195 inhibitor or a negative control (micrON TM miRNA mimic/inhibitor/nc _Standard, Ribobio Co., Guangzhou, China) using the Lipofectamine 3000 Transfection Kit (Thermo Fisher Scientific, Carlsbad, Canada) according to the manufacturer's recommendations. The transfected cells were further cultured with growth medium (DMEM with 10% fetal bovine serum) for 24 hours.
To study TGF-β stimulated osteogenic progression in VICs, transfected cells were further cultured with or without 10 ng/mL TGF-β (Sigma-Aldrich, St. Louis, MO, USA) for up to 14 days with 1% fetal bovine serum in the medium. The medium was changed every 3 days. The cells were harvested, and the total protein and RNA were extracted for analysis.
Western Blot Analysis
Western blot analysis was performed as follows. Cell lysates were prepared with a sample buffer (100 mmol/L Tris-HCl, pH 6.8, 2% SDS, 0.02% bromophenol blue, and 10% glycerol). Equal amounts of protein per lane from different samples were loaded, and á-tubulin in the same sample was used as a loading control. After transfer to polyvinylidene difluoride membranes and blocking with 5% skim milk solution, the protein in the membranes were incubated with primary antibodies followed by incubation with peroxidase-linked secondary antibodies specific to the primary antibodies. The blots were then developed using the ECL reagent (Amersham Biosciences), and images were captured using an imaging system (UVP BioImager) and were quantified. The images were captured digitally using a BioSpectrum AC imaging system, and the optical densities of the protein bands were normalized to the loading control bands and quantified. Alizarin Red S staining to detect calcification Alizarin Red S staining was performed to detect calcium deposition in the matrix monolayer of cultured VICs. Briefly, transfected cells were treated with TGF-β for 14 days and then were washed twice with phosphate-buffered saline, fixed in 4% paraformaldehyde for 5 minutes at 4°C and then were stained with 2% Alizarin Red S at a pH of 4.2 for a period of 5 minutes at room temperature, following a rinse with distilled water. The remaining calcium-bound Alizarin Red S was extracted by adding 10% cetylpyridinium chloride for 10 minutes. The determination of the optical density (OD) was carried out at 570 nm by measuring the absorbance using a spectrophotometer. All the samples were set up in triplicate. Wells at a density of 1.5×10 5 cells/well of untreated porcine VICs without TGF-β were used as a control. The data were normalized by the protein content detected in the cellular layer using the Bradford protein assay method.
Gelatin zymography
Gelatin zymography was used to determine the amount of matrix metalloproteinase (MMP)-2, 9 enzymes produced within the cultured cell monolayers. Briefly, equal amounts protein (equivalent of 10 5 cells) of nonreduced samples were loaded into 10% zymogram gels. After electrophoresis, the gels were washed with 2.5% Triton X-100 and were shaken in a renaturing buffer for 30 minutes, followed by incubation in a developing buffer (Life Technologies, Grand Island, NY, USA) at 37°C overnight. The gels were then stained in a Coomassie Blue solution for 1 hour before being destained in a 10% acetic acid/30% ethanol solution for 1 hour, followed by storage in a 2% acetic acid solution. The gels were imaged using a ChemiDoc XRS imager (Bio-Rad, Hercules, CA, USA), and the band densities were calculated using the gel analysis tool in ImageJ software.
Statistical Analysis
Univariate analysis was performed using chi-squared test for categorical variables and Student's t-test for continuous variables. The data are presented as the means ± standard deviation. A value of P < 0.05 (2-sided) was considered to be statistically significant. The data were analyzed using IBM SPSS statistics software (version 19.0).
Results
BAV and TAV Patient Characteristics
Information concerning the patients involved in this experiment is listed in Table  1 . Overall, 30.0% of the patients were women, 28.0% had hypertension, 20.0% had hypercholesterolemia, and 10.0% had diabetes mellitus. The BAV group was significantly younger than the DTV group. No significant differences were found in the preoperative cardiac risk factors between the BAV and TAV patients. Preoperative transthoracic echocardiographic measurements, including the left ventricular ejection fraction, aortic valve area, and mean transvalvular gradient, were not different between the BAV and TAV patients. All the selected patients were considered to have severe AS with a mean valve area less than 0.75 cm 2 . The diameter of the ascending aorta was greater in the BAV patients than in the RTV patients.
Calcified BAV Leaflets Express Lower miR-195 than Calcified TAV Leaflets
Based on the previous studies and literature, we selected several microRNAs-i.e., miR26a, miR-30b, miR-195 (as osteoblastic differentiation-associated miRs), and miR-486, miR-139, miR-192 (as shear-responsive miRs)-that may participate in modifying the progress of early calcification in BAV disease as possible targets to carry out RT-PCR analysis [10, 13, 14] . Compared with rheumatic and degenerative TAV leaflets, the expression of miRNA-195 in BAV leaflets was significantly decreased by 15.0-fold and 10.9-fold, respectively (Fig. 1a) , and the RNA level of miRNA-486 in BAV leaflets was decreased by 5.1-fold and 7.6-fold, respectively (Fig. 1d) . However, the miR-26a, miR-30b, miR-139, and miR-192 expression levels were unchanged among all the groups (Fig. 1b, 1c, 1e, and 1f) . Based on our initial findings, we further investigated the role of miR-195 in this study because it demonstrated the largest fold changes in BAV tissue.
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miR-195 is Negatively Correlated with SMAD7 Levels in BAV Tissues
Using online bioinformatic analysis software (TargetScan Version 7.0 and http:// www.microRNA.org) to predict target genes of miR-195, we found that the calcificationrelated gene SMAD7 is a potential target of miR-195. To test the involvement of miR-195 in the regulation of SMAD7 expression, we first examined SMAD7 mRNA expression in valve tissues by real-time PCR and found that the mRNA expression of SMAD7 in BAV tissues was 1.7-fold and 1.6-fold higher than that in RTV and DTV tissues, respectively (Fig. 2a) . Western blotting was performed to examine the SMAD7 protein levels in all three groups. The statistical results showed that the relative density of SMAD7 in BAV tissues was 2.4-fold and 1.5-fold higher than that in RTV and DTV tissues, respectively (Fig. 2b) . We also conducted immunohistochemical staining for SMAD7 in all tissue samples, and quantification analysis demonstrated that leaflet tissues from BAV expressed a 1.9-fold and 2.2-fold increase in SMAD7 protein compared with that in RTV and DTV leaflets, respectively ( Fig. 2c and  2d ). Pearson's correlation analysis showed that the SMAD7 protein level was correlated negatively with miR-195 (R= −0.712, P < 0.01) (Fig. 2e) .
Validation of SMAD7 as the Direct Target of miR-195
To validate the possibility that miR-195 directly targets SMAD7, we first found the potential binding site for miR-195 according to the bioinformatic analysis. Computational analysis showed that the seed sequence of hsa-miR-195 was completely complementary to the 56-62 nt of 3'UTR in SMAD7 mRNA, and interspecies homology search showed that this site was conserved across several different species of mammals (Fig. 3a) . Next, we constructed a pmirGLO-SMAD 3'-UTR-WT vector containing the luciferase gene, the 3'-UTR region of SMAD7 and a pmirGLO-SMAD 3'-UTR-MUT vector with a point mutation at the predicted miR-195-binding site (see Fig. 3b ). Next, various reporter constructs were transfected into 293T cells together with the miR-195 mimic or miRNA negative control, (Fig. 3c) . These results suggest that miR-195 inhibits the expression of SMAD7 by directly binding to the SMAD7 3'-UTR in the pmirGLO reporter plasmid and leads to the reduction of luciferase activity.
miR-195 Regulates SMAD7 Expression in VIC Cultures
We subsequently investigated the functional consequence of the miR-195-SMAD7 mRNA association in porcine VICs in culture. miR-195 was overexpressed by transfecting porcine VICs with the miR-195 mimics or decreased by transfecting cells with a miR-195 inhibitor. By 24 h after transfection with the miR-195 mimics, the miR-195 levels increased substantially (Fig. 4a) . The increased levels of miR-195 lowered the SMAD7 mRNA levels by 2.2-fold (Fig. 4b) . On the other hand, the decreased levels of endogenous miR-195 induced by transfecting VICs with the miR-195 inhibitor resulted in increased SMAD7 mRNA levels by 3.5-fold (Figures 4c and 4d) .
Inhibition of miR-195 Reverses the Progression of Cellular Calcification
To determine whether the change in miR-195 can affect the progression of calcification in cultured VICs, these transfected cells were investigated under osteogenic conditions by treating them with 10 ng/mL TGF-β. Alizarin Red S staining was applied to these cells at day 14 to determine calcium deposition quantitatively. Compared with cells in normal medium, the addition of TGF-β induced 3.9-fold and 3.7-fold increases in calcification in the negative control and miR-195 mimic-transfected VICs, respectively. Interestingly, a significant further increase (1.62-fold) was detected in mi-R 195-repressing VICs compared with the negative control with TGF-β treatment (Fig. 5a and 5b) .
To investigate the potential mechanism of the promotion of VIC calcification by suppressing miR-195, the BMP-2 signaling pathway was studied in these cells under (Fig. 5c ). Similar patterns of change were found in the transcript levels of the downstream pro-osteogenic transcription factor RunX2 in these cultured VICs (Fig. 5d) . Furthermore, increased RunX2 transcription levels were confirmed at the protein level after TGF-β treatment in miR-195-repressing VICs (Fig. 5e) . Furthermore, the activities of MMP-2 and MMP-9 enzymes among these VICs were examined after 14 days of TGF-β treatment because the extracellular matrix (ECM) remodeling and abnormal activation of MMPs (a family of matrix enzymes that cleave various ECM components) are the early markers of VIC activation and calcification. Gelatin zymography showed that VICs in both regular and osteogenic media expressed inactive (pro-) MMP-2; however, activated MMP-2 was observed only in VICs under osteogenic conditions (Fig. 5f , lane 2, 3, and 4). The bands for MMP-9 were not detectable in these cell culture studies. Quantitative analysis of the images showed that, following TGF-β treatment, miR-195 mimic transfection had no effect on the activities of either pro-MMP-2 or active MMP-2 compared with control cells, while miR-195-repressing VICs demonstrated a significantly increased amount of both inactive and active MMP-2 compared with the control VICs (Fig. 5g) .
BAV Leaflets Present More Osteogenic Alteration towards Calcification
We finally examined the functional alteration associated with cellular calcification in valve tissues. First, Von Kossa staining demonstrated similar calcium deposits among BAV, RTV and DTV leaflet slices (Fig. 6a) . Immunohistochemistry for MMP-2 and MMP-9 revealed that leaflet tissues from BAV expressed a significant increase in MMP-2 and MMP-9 protein compared with RTV and DTV leaflets according to image quantification analysis (Fig. 6b and  6c) . Finally, Sirius Red staining revealed more positivity areas in BAV than in RTV and DTV tissues (Fig. 6d) . 
Discussion
In the present report, we tested some promising microRNAs by RT-PCR, demonstrating representative downregulation of miR-195 in BAV leaflets compared with that in TAV leaflets. We selected both rheumatic TAVs and degenerative TAVs as control groups to study the difference between BAV and TAV. The comparisons revealed significant distinction in miR-195, suggesting that this microRNA expresses differentially in BAV and TAV regardless of other pro-calcific influences. Meanwhile, a higher mRNA expression of SMAD7 in BAV leaflets was observed. Next, we found that the protein expression of SMAD7 was consistent with the alteration of the corresponding mRNA. Furthermore, we demonstrated that the downregulation of miR-195 in cultured porcine VICs facilitated the mRNA expression of SMAD7. miR-195 is an important member of the micro-15/16/195/424/497 family, which is activated in multiple diseases, such as cancer, heart failure, and schizophrenia [15] . SMAD7 is an important mediator belonging to the inhibitory SMADs that play important roles especially in the SMAD-dependent signaling [16] . However, to our knowledge, the miR-195 differential expression between human BAV and TAV leaflet and its action mechanism related to SMAD7 in the early calcification of bicuspid aortic valves have not been shown before, which is the novelty of this article.
Several lines of evidence have suggested that miR-195 is an essential regulator in valve calcification. Vishal Nigam et al. noted that miR-195 levels were reduced by 59% in stenotic samples by qRT-PCR, and miR-195-treated AVICs showed increased mRNA levels of calcification-related genes such as BMP2 and RUNX2 [13] . The stenotic valve is more common within the bicuspid aortic valves, supporting our finding that miR-195 has lower expression in BAV leaflets.
There are also several previous studies from other groups supporting our results concerning the relationship between miR-195 and SMAD7. Chen G et al. noted that. in colon cells, the antagonism of miR-195 enhanced SMAD7 translation, and luciferase reporter assay in the Caco-2 cell line revealed a repressive effect of miR-195 via a single SMAD7 3'-UTR target site [17] . The Duan Yingjun group found that, in the human glioblastoma multiform cell line and human glioma cancer tissues, miR-195 targeted and inhibited SMAD7 expression [18] . The Guo D group indicated that miR-195 inhibited MTEC1 proliferation, at least in part, via the downregulation of SMAD7 in mouse medullary thymic epithelial cells [19] . However, in the article by Nigam and colleagues [13] , the overexpression of miR-195 in human aortic valve interstitial cells leads to the upregulation of SMAD7, a finding that is opposite to what we and others found in BAV patients and other mammalian cell types. Different seed region positions between species could explain the different observations. However, the seed region is conservative among many mammalian species, including human and pigs, as shown in Fig. 3 . In our study, we clearly demonstrated the inverse correlation of miR-195 and SMAD7 both in human samples and pig cells at the mRNA and protein levels. We also noticed that, in Nigam's paper, the human aortic VICs were from recipient hearts at the time of cardiac transplantation. These patients were subjected to chronic and advanced pathological and medical conditions that might have a complicated impact on the VICs in their aortic valves. It could explain why the miR-195-SMAD relationship and individual expression levels in their VICs are different from those in the present study in which the VICs were harvested from healthy pigs.
Furthermore, some evidence provided by published articles was also consistent with our point of view that SMAD7 signaling, the crucial step in our study, plays a key role in the early calcification of BAV. The MohanKumar K group proposed that, in human necrotizing enterocolitis macrophages, increased SMAD7 expression augmented nuclear factor-kappa B (NF-κB) activation and cytokine production via increasing the expression of IKK-α [20] . Zorzi F et al. and Ardizzone S et al. both illustrated that, in human inflammatory bowel tissue, interrupting SMAD7 inhibits the inflammation action [21, 22] .
Examination of human calcified aortic valve tissue and in vitro experiments using AVICs have demonstrated that there are several gene pathways involved in calcification including TGF-Beta, BMP2, NOTCH1, and SMADs [23] [24] [25] . To determine the relationship between SMAD7 and aortic calcification, we have focused on several previous studies. Miyazawa K et al. and Kim CR et al. proposed that SMAD7 inhibits both transforming growth factor â (TGF-β)-and BMP-induced SMAD signaling [26, 27] . These studies related to SMAD7 and TGF-β have suggested that SMAD7 ultimately promotes calcification through interrupting TGF-β signaling. All the above findings indicate that the miR-195 regulation of SMAD7-dependent calcification might underlie the altered susceptibility toward the early calcification observed in patients with BAV.
Finally, the functional change between BAVs and TAVs was checked in the patients' valve leaflets. We noticed that, although the two types of leaflets presented a similar degree of calcification, the MMP2 protein, MMP9 protein and collagen expression were all expressed at a higher level in BAV leaflets, indicating a disorder in the matrix of BAV leaflets. Thus, we propose the hypothesis that, in BAV leaflets, the downregulation of miR-195 enhances SMAD7 signaling, further promoting the fibrosis in extracellular matrix and causing valvular calcification. Some studies from other laboratories have supported our point of view. The Zampetaki A group reported that, in mice treated with antagomiR-195, higher aortic elastin expression was associated with an increase in MMP-2 and MMP-9 [28] . The Pardali E. group stated that TGFβ binding proteins are activated by plasmin, reactive oxygen species, acidic microenvironment, matrix metalloproteinases (MMP-2 and -9) and α6 integrin [29] . However, different results in similar studies also exist. The Guanxian Liu group proposed that SMAD7 disrupts thrombospondin-enhanced NF-κB signaling in SMAD7 knockout mice in their renal tissue, which seems to be contrary to our point that SMAD7 contributes to calcification through NF-κB-BMP2 signaling [30] . However, we performed immunohistochemical experiments and some staining tests using slides from human aortic valve leaflets, while they carried out research using different tissues from different species; thus, no conflict exists. Our study possesses limitations. Initially, based on previous studies probing the noncoding RNA action in cardiovascular calcification [13, 14] , we selected several microRNAs (including miR-26a, miR-30b, miR-195, miR-486, miR-192, and miR-139) as potential targets, and then checked their RNA expression in bicuspid leaflets and tricuspid leaflets to confirm miR-195 as the first step of our study. We admit that the results should have been more solid if we had performed a microRNA array on the human aortic valves we obtained. Moreover, our present study could not elucidate the downstream of facilitated SMAD7 signaling, and whether the NF-κB-BMP2-Runx2 pathway works in the bicuspid valve in the specific human tissue remains to be explored more comprehensively.
Conclusion
Our study has demonstrated that miR-195 is downregulated more in stenotic aortic leaflets from BAV patients compared with that from patients with TAV. We have also shown that the downregulation of miR-195 is associated with valvular calcification via targeting SMAD7, which involves the progress of fibrosis and remodeling of the extracellular matrix. Our findings provide new clues regarding the mechanism of accelerated valvular calcification in BAV patients.
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